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We report the observation by angle-resolved photoemission spectroscopy of an impurity state
located inside the superconducting gap of Ba0.6K0.4Fe2As2 and vanishing above the superconducting
critical temperature, for which the spectral weight is confined in momentum space near the Fermi
wave vector positions. We demonstrate, supported by theoretical simulations, that this in-gap state
originates from weak scattering between bands with opposite sign of the superconducting gap phase.
This weak scattering, likely due to off-plane non-magnetic Ba/K disorders, occurs mostly among
neighboring Fermi surfaces, suggesting that the superconducting gap phase changes sign within
holelike (and electronlike) bands. Our results impose severe restrictions on the models promoted to
explain high-temperature superconductivity in these materials.
PACS numbers: 74.70.Xa, 74.25.Jb, 79.60.-i
When cooled below a critical temperature, supercon-
ducting (SC) materials develop an energy gap in their
electronic structure that is a direct signature of the inter-
actions leading to the condensation of pairs of charge car-
riers. This SC gap is a macroscopic property fully charac-
terized by an amplitude and a phase. While there is suf-
ficient experimental evidence for a Fermi surface depen-
dent superconducting gap amplitude in the multi-band
Fe-based high-temperature superconductors, the sign of
the phase on their various Fermi surface sheets remains
highly controversial, most popular proposals suggesting
either a common phase throughout the momentum space
[1] or a phase with a sign alternating between holelike
and electronlike Fermi surface sheets [2–4]. The knowl-
edge of the relative sign of the phase on the various energy
bands forming their Fermi surface (FS) would impose se-
vere restrictions on the validity of the numerous models
invoked to explain high-temperature superconductivity
in these systems. In addition, some controversy remains
on the amplitude of the SC gap at the Brillouin zone
center (Γ). Although most ARPES reports indicate a
strong coupling for the inner hole pockets in optimally-
doped Ba1−xKxFe2As2 [5–8], sub-BCS coupling has been
reported in a laser-ARPES study [9].
In this paper we study how the low-energy electronic
states couple with impurities in the SC state as a tool to
infer the relative sign of the SC gap phase on the FS
sheets of the optimally-doped Ba0.6K0.4Fe2As2 ferrop-
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nictide. Our angle-resolved photoemission spectroscopy
measurements clarify the amplitude of the SC gap on the
Γ-centered hole pockets and indicate an in-gap state lo-
cated around 6 meV. Using theoretical simulations and
assuming that the relevant impurities are non-magnetic,
we show that this state arises from scattering between
bands with opposite sign of the SC gap phase. Our re-
sults are consistent with the orbital anti-phase s± gap
structure and impose severe restrictions to the models
promoted to explained high-temperature superconduc-
tivity in the Fe-based superconductors.
Large single-crystals of Ba0.6K0.4Fe2As2 with high
quality were grown using the self-flux method [10], and
their Tc was determined to be 37 K from magnetization
measurements. ARPES measurements were performed
at the 1-cubed ARPES end-station of BESSY and in our
own facility at the Institute of Physics, Chinese Academy
of Sciences, using a VG-Scienta R4000 electron analyzer
and 21.2 eV photons. The light used in BESSY was lin-
early polarized in directions parallel or perpendicular to
the analyzer slit. The angular resolution was set to 0.2◦
whereas the energy resolution to 4-5 meV in BESSY and
to 3-4 meV at the Institute of Physics. Clean surfaces
for the ARPES measurements were obtained by cleaving
the samples in situ in a working vacuum better than 5 ×
10−11 Torr. In the text we label the momentum values
with respect to the 1 Fe/unit cell BZ.
In Fig. 1A we display the angle-resolved photoemis-
sion spectroscopy (ARPES) intensity plot of a cut pass-
ing through the Brillouin zone (BZ) center of optimally-
doped Ba0.6K0.4Fe2As2 (Tc = 37 K) and oriented along
the Γ(0, 0)-M(pi, 0) direction, which has been recorded
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FIG. 1. (A-B) ARPES intensity plots for a cut passing through Γ and oriented along Γ-M recorded at 1 K using σ and pi
incident light polarizations, respectively. The blue and red dashed lines indicate the position of the MDCs in panels L and M.
(C ) Sum of the ARPES intensity plots in A and B. The turquoise and pink curves represent the band dispersions extracted
from the MDCs and EDCs in A and B, respectively. (D) ARPES intensity plot for a cut passing near the M point, measured
at 4.2 K with unpolarized light. (E-G) EDC plots corresponding to the cuts shown in panels A, B and D, respectively. The
EDCs in black correspond to the kF positions. (H-J ) Near-EF zooms corresponding the the dashed boxes in panels E, F and
G, respectively. Circles and squares are used to identify the α/α′ band and the impurity state, respectively, as obtained by
the maximum positions in the EDCs. (K ) Schematic representation of the polarization configurations. (L) Comparison of the
MDCs recorded with σ and pi polarizations at the MDC#1 position (7 meV below EF ) in panels A (blue) and B (red). The
vertical dashed lines are guides to the eye for the peak positions. (M ) Same as L but for the MDC#2 position (22 meV below
EF ).
at 1 K using σ incident light polarization, as defined
in Fig. 1K. This configuration is sensitive to electronic
states with odd symmetry, such as the α band formed
mainly by the odd combination of the dxz and dyz or-
bitals, and the β band associated with the dxy orbital
[11]. In agreement with previous ARPES results [5, 6],
the corresponding energy distribution curve (EDC) plot
in Fig. 1E and the corresponding near-EF zoom shown
in Fig. 1H reveal a SC gap of about 12 meV on the α
band and of about 6 meV on the β band. Interestingly,
the EDC at the Fermi wave vector (kF ) location of the
α band exhibits a strong peak at 6 meV, inside the SC
gap, which has been reported already in an early ARPES
report [5]. Similar observation is made for the cut dis-
played in Fig. 1B, which has been recorded in the same
conditions but with pi polarization, which is sensitive to
the α’ band formed by the even combination of the dxz
and dyz orbitals [11]. As illustrated by the correspond-
ing EDC plot shown in Fig. 1F and the near-EF zoom
displayed in Fig. 1I, the α’ band is gapped by 13 meV
and a peak inside the SC gap is also detected at 7 meV.
In Fig. 1C, we show the ARPES intensity plot ob-
tained by summing the intensity plots recorded with σ
and pi polarizations, and we overlay the electronic band
dispersions obtained by tracking the various peak posi-
tions in the EDCs and the momentum distribution curves
(MDCs). At this particular photon energy (21.2 eV), the
α and α’ bands are very close in momentum but the use
of variable polarization allows to separate them. More
importantly, when the energy reaches the minimum gap
location, they both show a bending back characteristic
of the Bogoliubov dispersion in the SC state, confirming
the SC origin of the peaks observed at 12-13 meV on the
α and α’ bands. In addition, our analysis allows us to
follow the dispersionless in-gap feature over a short mo-
mentum range around the kF positions of the α and α’
bands. By comparing the MDCs recorded at 7 meV and
22 meV below the Fermi energy (EF ) in Figs. 1L and
1M, we can see that the in-gap peak is also observed at
the kF position of the β band. A peak is detected for
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FIG. 2. (A-D) Temperature evolution, from (A) 15 K to (D)
40 K, of the ARPES intensity plots for the cut presented in
Fig. 1A. The red arrows indicate the in-gap states. The EDCs
at kF are also displayed in red. The EDC in D does not show
any in-gap state, as suggested by a fit (in green) to the Fermi-
Dirac function convoluted with the resolution function. (E)
Temperature evolution of the SC gap amplitude (red) and the
position of the in-gap state peak, as determined from EDC
analysis. (F ) Temperature dependence of the spectral weight
of the SC coherent peak (red) and in-gap state peak at kF , as
determined from EDC analysis. The intensity is normalized
to the area under the fit curve of the SC coherent peak at 1
K. The inset illustrates how the spectral weight is extracted.
After symmetrizing the EDCs to approximately remove the
Fermi cutoff, and removing a background shown by a dashed
line, we fit the left part of the subtracted symmetrized EDC
using two Lorentzian curves. The spectral weight is given by
the area below each Lorentzian curve.
the MDC recorded 7 meV below EF in the pi polariza-
tion configuration (red curve in Fig. 1L), whereas the β
band is completely suppressed, as suggested by the MDC
recorded 22 meV below EF (red curve in Fig. 1M ). The
observation of the in-gap state in both odd and even con-
figurations of polarization contrasts with the expectation
for a regular energy band carrying a specific orbital char-
acter, and rather suggests a mixture of several orbital
characters. Interestingly, a similar in-gap state is also
observed around the M point, as shown in the ARPES
intensity plot displayed in Fig. 1D and the corresponding
EDC plots shown in Figs. 1G and 1J.
In order to discuss further the origin of the in-gap
state, we display in Figs. 2A-2D ARPES intensity plots
recorded between 15 K and 40 K. Surprisingly, the in-gap
state is clearly visible up to 28 K, but is undetectable
near and above Tc. Our quantitative analysis, presented
in Figs. 2E and 2F, indicates that similarly to the SC
gap, the binding energy position of the in-gap state de-
creases only slightly as temperature increases, and that
its peak intensity follows roughly the intensity of the SC
coherent peak, thus suggesting a close relationship be-
tween the in-gap state and superconductivity. In fact,
a previous study based on laser-ARPES associated the
in-gap state peak to a SC gap, while assigning the peak
at 12 meV to a magnetic resonance mode or a coupling
with orbital degrees of freedom [9]. We argue here that
this scenario is incompatible with the flatness of the in-
gap state dispersion, with the finite weight of the in-gap
state near the β band, as well as with the obvious Bo-
goliubov dispersion for the features around 12-13 meV,
which disappear at the bulk Tc value.
Because its intensity is sample dependent, an early
ARPES study pointed out that the in-gap state could
be related to impurities [5]. One interesting characteris-
tic of the in-gap state is that its spectral weight is mainly
confined to small momentum regions near the kF posi-
tions of the bands. In principle, an impurity state well
localized in real space is expected to extend all over the
momentum space, as illustrated in Fig. 3A. However,
momentum space localization of the spectral weight is
possible when the scattering is described by a weak po-
tential. In Fig. 3C, we show the result of a simulation
in which a single non-magnetic impurity per N sites is
introduced in a system and scatters weakly, as a δ(r) po-
tential, with an electronic dispersive band of the form
ε(k) = t cos(pik). More precisely, we describe the system
by the Hamiltonian [12]:
H =
∑
k,σ
εk,σc
†
k,σck,σ +
V0
N
∑
k,k′,σ
c†k,σck′,σ, (1)
where the first term represents the unperturbed Hamil-
tonian with the operator c†k,σ(ck,σ) creating(anihilating)
an electron of spin σ and wave vector k, while the second
term is the perturbation, with the potential V0 charac-
terizing the strength of the interaction. We divided the
first BZ into 500 points and diagonalized the resulting
matrices in eq. (1) numerically. The spectral function
A(k, ω) was extracted by using the equation:
A(k, ω) = − 1
pi
Im
∑
m
|〈k | m〉|2
ω − Em + iδ , (2)
where the eigenvectors | m〉 with eigenvalues Em are pro-
jected into the momentum space. We note that only the
diagonal terms of the Green’s function are used to illus-
trate the resulting spectral weight in Fig. 3C.
4-4
-2
0
E
 
-
 
E
F
 
(
e
V
)
-1.0 0.0 1.0
Momentum (p/a)
IS1
V
0
/|t| = - 3.0
E(k)
k
w
0
-0.8
0.0
E
 
-
 
E
F
 
(
e
V
)
-0.3 0.0 0.3
Momentum (
-1
)
I
n
t
e
n
s
i
t
y
 IS1
 IS2
(A) (B)
(C)
(E)
-1
0
1
E
 
-
 
E
F
 
(
e
V
)
-1.0 0.0 1.0
Momentum (p/a)
IS2
V
0
/|t| = -1.2
(D)
FIG. 3. (A) Schematic illustration of an impurity level below
a dispersive band. (B) Comparison of the MDC at the impu-
rity level from panels C and D. (C -D) Numerical simulations
of the spectral weight for a system with a dispersive band of
the form ε(k) = t cos(pik) (with t = −1 eV) scattering on 5%
of impurities according to Eq. [1], with V0/|t| = −3.0 and
V0/|t| = −1.2, respectively. (E) Impurity state in Si-doped
β-Ga2O3, from Ref. [13]. The red curve represents the band
structure obtained from LDA calculations.
As expected, our calculations reveal a dispersionless
state, which is located below the dispersive band, in the
band gap. Interestingly though, the spectral weight of
the impurity state is not evenly distributed throughout
the momentum space, but is larger near the bottom of
the electronic band. This is a manifestation that the im-
purity state is not completely localized in real space and
that it hybridizes with the dispersive band. In Fig. 3D,
we show the results of the calculations for a weaker im-
purity potential V0 (−1.2|t| as compared to −3|t|). As
the impurity potential decreases, the impurity state lo-
cates closer to the bottom of the dispersive band, and its
spectral weight becomes more localized in the momentum
space.
The latter observation is well illustrated by the MDCs
at the impurity levels, which are compared in Fig. 3B. As
illustrated in Fig. 3E, the formation of such in-gap im-
purity states with spectral weight limited in momentum
space has been observed experimentally [13] in Si-doped
β-Ga2O3, a large-gap semiconductor, and attributed to
the semi-localization of the impurity states consistent
with the Heisenberg uncertainty principle ∆k∆x ∼ 1, in
agreement with our simulations and with scanning tun-
neling spectroscopy measurements on the same material
[14].
We now ask: how would in-gap impurity states mani-
fest themselves in a superconductor? Early after the dis-
covery of the Fe-based superconductors and the proposal
of s± pairing symmetry [2–4], a few theoretical studies
pointed out that impurities could affect the density-of-
states inside the SC gap [15–18], a proposal that gained
in popularity recently due to its possible ability to dis-
tinguish the s± and s++ gap structures of the Fe-based
superconductors [19]. Rather than limiting ourselves to
the density-of-states, here we investigate this problem
from the point of view of a momentum-resolved probe.
Since it is well-known that there should be no bounded
in-gap state in the case of a one-band s-wave system with
non-magnetic impurities [20], we performed simulations
on a two-band system with a non-magnetic impurity, a
choice first justified by the lack in the literature of obser-
vation of magnetic impurities in as-grown (Ba,K)Fe2As2
and further explained below. We thus used the Hamilto-
nian:
H =
∑
k,m,σ
εm(k)c
†
m,k,σcm,k,σ
+
∑
k,m
∆m(c
†
m,k,↑c
†
m,−k,↓ + cm,k,↓cm,−k,↑)
+
V0
2N
∑
m,n,k,k′,σ
c†m,k,σcn,k′,σ, (3)
where the second term accounts for the SC gap and with
the indexes m and n taking the values 1 and 2 repre-
senting the two bands. Fig. 4A shows the result in the
normal state, i. e. for null SC gaps (∆1 = ∆2 = 0).
No impurity state is observed near EF in this case. We
then consider two cases for which a SC gap opens on the
two bands, with a 2:1 size ratio. The relative phase of
the gap on the two bands is given directly by the sign
of the parameters ∆1,2. Fig. 4B displays the result for
in-phase SC gaps (∆1 =
1
2∆2 6= 0). In this condition,
no impurity state is observed. In contrast, our results
for the anti-phase case (∆1 = − 12∆2 6= 0), shown in Fig.
4C, reveal an in-gap state with a spectral weight confined
in momentum space around the kF position of the two
bands, as well illustrated by the zoom in Fig. 4F. This
phenomenon is very similar to our experimental observa-
tion on Ba0.6K0.4Fe2As2, for which a near-EF zoom at
the kF position of the α band is displayed in Fig. 4E. Al-
though quantitative differences are found experimentally
between two-band and five-band models [21], our simu-
lations certainly provide an illustration of the physics at
the origin of the in-gap impurity state observed in our
study.
The doping evolution of the low-energy electronic
structure in the SC state of Ba1−xKxFe2As2 has been
shown in a laser-ARPES study [22]. Within the context
of the current interpretation of the low-energy feature as
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FIG. 4. (A-C ) Numerical simulations of the spectral weight for a system with an impurity interacting with two dispersive
bands according to Eq. [3] in the normal state (∆1 = ∆2 = 0), in the in-phase SC state (∆1 =
1
2
∆2 6= 0), and in the anti-phase
SC state (∆1 = − 12∆2 6= 0), respectively. In all cases, we used V0/|t| = −1. The red dashed lines represent the electronic
dispersion in the normal state. (D) Simulation of the energy position of the in-gap impurity state as a function of |∆2| for
a fixed |∆1|. (E) Zoom on the impurity state found experimentally near the α band of Ba0.6K0.4Fe2As2. (F -I ) Numerical
simulation of the zoom near the impurity state corresponding to the dashed box from panel C (anti-phase SC), as a function
of |∆2|, for |∆1| = 6 meV (anti-phase gaps). The red dashed line in F represents the bare band dispersion.
an in-gap state, these data provide some indications on
the behavior of the in-gap state as a function of doping.
With doping increasing, the energy position of the in-
gap state peak decreases only slightly, and is no longer
resolved for x ≥ 0.6, doping at which the high-energy fea-
ture here interpreted as the SC gap, decreases to reach
the same magnitude. Interestingly, this effect is easily
reproduced by our simulations, presented in Figs. 4F -4I,
in which we vary the size of the gap |∆2| while maintain-
ing |∆1| = 6 meV constant. Indeed, the position of the
in-gap state decreases only slightly with |∆2| decreasing,
and the two features are very close in energy for |∆2| = 6
meV, as if the two features were merging. This effect is
summarized in Fig. 4D, where |∆2| is decreased down
to 0. Although the experimental case is necessarily more
complicated since more bands are involved and all the
gaps evolve with doping, our simulations reinforce our
interpretation of the 6 meV peak as an in-gap impurity
state and calls for a reinterpretation of the laser-ARPES
data given in Ref. [22].
As a corollary from our simulations, our observation of
an in-gap state implies directly that if the related impu-
rities are non-magnetic, the SC gaps on the various FS
pockets do not have all the same phase, which discards
all scenarios favoring a s++ pairing symmetry, such as
the low-energy orbital fluctuation model [1]. To derive
further consequences of our observation, we now try to
determine the origin of the scattering giving rise to the
impurity state. Instead of the constant potential V0, from
here we consider the screened Coulomb potential:
V (r) = − e
2
4pi0
√
r2 + d2
e−
√
r2+d2/λ, (4)
where d is the distance between the Fe and impu-
rity planes, r is the in-plane distance and λ is the
Thomas-Fermi screening length, which is estimated to
be about 1 A˚ for the 1.85×1021 cm−3 electron density in
Ba0.55K0.45Fe2As2 [23]. We first consider the trivial case
where the K+ ions doping the Ba0.6K0.4Fe2As2 system at
the Ba2+ site act as non-magnetic weak potential centers
for the in-plane Fe electronic states. Using d = 3.1 A˚
for the distance from the dopant atom to the Fe plane,
we can deduce that the scattering potential at the near-
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FIG. 5. (A) Calculated scattering strength as a function
of momentum transfer (see the text). (B) Schematic FS of
Ba0.6K0.4Fe2As2, with the FS sheets drawn in red and blue
having opposite SC gap phase sign.
est Fe site is about 0.24 eV. This potential is slightly
smaller than the 0.3 eV kinetic energy estimated from
the 0.6 eV bandwidth of the α band in Ba0.6K0.4Fe2As2
[24]. In contrast, assuming d = 0 for an in-plane im-
purity, the largest V (r) potential would be reached for
a distance r comparable to a ∼ 1 A˚ screening length.
This situation leads to a scattering potential of about
5.3 eV, which cannot be regarded as weak. Consequently,
even if a magnetic in-plane impurity were present, such
as a Fe vacancy, our simple calculation suggests that it
would not produce the momentum-confined feature ob-
served here in Ba0.6K0.4Fe2As2. Therefore, the ARPES
signature of a momentum-confined spectral weight for
the impurity state in Ba0.6K0.4Fe2As2 is more consis-
tent with non-magnetic out-of-plane scattering by the
Ba2+/K+ disorder. This may also explain why the sig-
nature of impurity scattering is not common to all Fe-
based superconductors. Indeed, many ferropnictides and
ferrochalcogenides are doped directly in the FeAs planes,
which leads to strong scattering preventing the observa-
tion of well-defined momentum confined impurity states.
Despite the very clear superconducting features it ex-
hibits in the ARPES spectra [25, 26], LiFeAs is nomi-
nally impurity free and thus no impurity state is found
experimentally.
In Fig. 5(A), we display the scattering strength as
function of the momentum transfer, obtained by calcu-
lating the Fourier transform of Eq. [4]. This strength de-
creases smoothly as a function of the momentum transfer.
For a momentum transfer corresponding to the Γ-M dis-
tance, the scattering strength is already 54 times smaller
than the strength for 0 momentum transfer scattering.
Although impurity scattering-induced momentum trans-
fer is possible between any points in the BZ, this suggests
that small momentum transfer, i. e. forward scattering,
is favored.
Our experiment does not allow us to determine pre-
cisely the relationship between the sign of the phase on
all the bands. Nevertheless, the latter argument, namely
that forward scattering is favored, suggests that: i) one
of the three Γ-centered hole FS pocket must have a dif-
ferent SC gap phase sign from the two others, and ii) the
two M-centered electron FS pockets must be associated
with opposite sign of the SC gap phase. This situation,
illustrated in Fig. 5B contrasts with the conventional s±
pairing symmetry, for which the sign of the gap on the
three hole FS pockets is identical and differs from that
on both of the electron FS pockets.
A previous study on the four-site model has shown that
sign change exists between two hole pockets because the
dxy orbital has a sign opposite to the dyz and dxz orbitals
[27]. A recent study using first-principle calculations, in-
cluding the ab initio determination of the two-particle
vertex function, reveals the existence of three competing
gap configurations [28] and also suggests a similar orbital
dependent sign change. However, in general, this state
should have nodes on the electron pockets if the sign
change between them exists or shows large anisotropicity
of the SC gaps. Although a non-negligible anisotropicity
of the SC gap was observed by ARPES in LiFeAs [25, 26],
the anisotropicities in most Fe-based superconductors are
small [29]. Most recently, it was also suggested that an
odd-parity SC pairing term [30] can produce the exact
anti-phase s± state [31, 32]. In the absence of hole pock-
ets, the odd parity pairing is the same as the bonding-
antibonding s± suggested in Refs. [33, 34]. However,
such proposal remains to be tested experimentally.
Interestingly, the sign change within the holelike FS
pockets and within the electron like pockets characteriz-
ing the anti-phase s± state is consistent with many exper-
imental results reported previously for both ferropictides
and ferrochalcogenides [31]. Therefore, although more
experiments are required in the future, we can speculate
that the anti-phase s± may be the state unifying all fam-
ilies of Fe-based superconductors.
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